In neurons, the kinesin-2 family protein KIF17 is a dendrite-specific motor protein and has been shown to interact with several dendritic cargoes. Franker et al. found that the polarized sorting of KIF17 to dendrites is regulated in three steps, in which dynein motor activity is required for proper dendritic sorting.
In Brief
In neurons, the kinesin-2 family protein KIF17 is a dendrite-specific motor protein and has been shown to interact with several dendritic cargoes. Franker et al. found that the polarized sorting of KIF17 to dendrites is regulated in three steps, in which dynein motor activity is required for proper dendritic sorting.
SUMMARY
Kinesin and dynein motors drive bidirectional cargo transport along microtubules and have a critical role in polarized cargo trafficking in neurons [1, 2] . The kinesin-2 family protein KIF17 is a dendritespecific motor protein and has been shown to interact with several dendritic cargoes [3] [4] [5] [6] [7] . However, the mechanism underlying the dendritic targeting of KIF17 remains poorly understood [8] [9] [10] [11] . Using live-cell imaging combined with inducible trafficking assays to directly probe KIF17 motor activity in living neurons, we found that the polarized sorting of KIF17 to dendrites is regulated in multiple steps. First, cargo binding of KIF17 relieves autoinhibition and initiates microtubule-based cargo transport. Second, KIF17 does not autonomously target dendrites, but enters the axon where the actin cytoskeleton at the axon initial segment (AIS) prevents KIF17 vesicles from moving further into the axon. Third, dynein-based motor activity is able to redirect KIF17-coupled cargoes into dendrites. We propose a three-step model for polarized targeting of KIF17, in which the collective function of multiple motor teams is required for proper dendritic sorting.
RESULTS AND DISCUSSION
Full-Length KIF17 Localizes to Dendrites, and Tailless KIF17 Targets the Axon Consistent with previous findings [4, 5] , we found that endogenous KIF17 and exogenously expressed full-length KIF17 (KIF17-FL) localized to the dendritic compartment (MAP2 positive) of mature hippocampal neurons in culture ( Figures 1A-1E and S1A). Quantification revealed that endogenous KIF17 is localized to dendrites in developing (DIV6) and mature (DIV15) neurons; only 5% of the cells show accumulations in axon tips, and no axon initial segment (AIS) (NF-186 positive) enrichment is observed ( Figures 1A and 1F) . Interestingly, overexpressed KIF17-FL targeted the axon (85%) in young neurons (DIV6), whereas in more mature neurons (DIV15) the localization of KIF17-FL was largely dendritic (10% of neurons with axonal tip accumulation and no AIS accumulation) (Figures 1F, S1B, and S1C). As reported [8] [9] [10] [11] , a truncated form of KIF17 containing the motor domain and dimerization region (amino acids 1-547) but lacking the tail domain, hereafter referred to as KIF17-MD, targeted the axon and accumulated in axon tips in both young and mature neurons (80% and 90%, respectively; Figures  1E-1H ). Together, these data demonstrate that the motor domain is selective for the axon and that the tail region regulates the dendritic targeting of KIF17 in mature neurons.
Cargo Binding Relieves Autoinhibition of Full-Length KIF17
Autoinhibition is a well-described regulatory mechanism for kinesins in which the tail domain interacts with the motor domain and prevents motor activity [12] [13] [14] [15] [16] . It has been suggested that cargo binding may unfold autoinhibited motors to initiate microtubule-based transport. In vitro studies have shown that binding kinesin to beads activates the motor [17, 18] . Expression of KIF17-FL in COS7 cells showed a diffuse cytoplasmic pattern without any microtubule labeling (Figure 2A ). In contrast, both the KIF17-MD and coiled-coil 2 (CC2) mutant KIF17-G754E, which has no autoinhibition [16] , showed a strong microtubule staining in the periphery of the cell ( Figure 2A ) and displayed fast motility toward the microtubule plus ends ( Figure 2B ). The KIF17-G754E mutant showed very fast motility on microtubules, with an instantaneous speed of 3.2 ± 0.1 mm/s ( Figure 2B ). These data suggested that cargo-unbound KIF17-FL is autoinhibited in living cells.
To investigate whether cargo binding can directly activate the motor in cells, we chemically induced the binding of KIF17 to peroxisomes using the FRB-FKBP dimerization system ( Figure 2C ) [11, 19] . We expressed KIF17-GFP-FRB and PEX-RFP-FKBP in COS7 cells, and addition of rapalog during live-cell imaging induced KIF17 binding to the cargo [20] . As shown by maximum projections, time-coded color plots, and kymographs, rapalog treatment allowed KIF17-FL, KIF17-MD, and KIF17-G754E to efficiently transport peroxisomes from the cell center to the cell periphery ( Figures 2D-2E and Movie S1). The data suggested that the cargo binding relieves autoinhibition of KIF17-FL. Interestingly, analysis of displacement curves ( Figures 2F, 2G , and S2A-S2E) showed that the onset of motility of KIF17-FL is markedly slower (t½ = 10.6 ± 3.0 min) compared to KIF17-G754E (t½ = 5.5 ± 2.9 min) and KIF17-MD (t½ = 4.7 ± 2.2 min). Next, we analyzed the speed of single peroxisomes ( Figure 2H ). Immobile peroxisomes were excluded from the analysis, and only minimum track lengths of 1 mm and 1 s were analyzed. All three KIF17 constructs showed similar single peroxisome behavior, with an average velocity around 1 mm/s (mean ± SD: FL = 1.07 ± 0.50; MD = 0.91 ± 0.47; G754E = 1.09 ± 0.46 mm/s) ( Figure 2I ). These velocities were comparable to previous reports of kinesin-mediated organelle transport in cells (0.5-2 mm/s) [4, 21] . These data indicate that the KIF17 motor domain alone and the non-autoinhibited KIF17 mutant quickly initiate cargo transport in living cells. These observations are consistent with the proposed role of the CC2 region in regulating KIF17 activity [16] . Full-Length KIF17 Does Not Directly Target Dendrites but Is Anchored at AIS To further study the role of the tail region on the dendritic targeting of KIF17, we used the cargo trafficking assay in cultured hippocampal neurons [11] . Without rapalog-induced motor coupling, the peroxisomes are largely immobile in hippocampal neurons ( Figure S3A ). After coupling KIF17 to peroxisomes, we observed that KIF17-FL was able to transport peroxisomes but did not target the dendrites. Instead, it had a strong preference for the axon, where the peroxisomes anchored at the AIS ( Figures  3A-3C and Movie S2). In contrast, KIF17-MD efficiently drove transport through the proximal axon. Earlier work established that the actin-rich AIS localized in the beginning of the axon functions as barrier for membrane-bound proteins [22] , as well as transported cargoes [9, 23] . It was observed that dendritic cargoes halt and reverse in the AIS, suggesting that the AIS barrier prevents ''unwanted'' cargoes from entering the axon [24] . Furthermore, it has been shown that the actin cytoskeleton is important for the function of the AIS cytosolic barrier [9, 23, 24] . Next, we treated neurons with Latrunculin B (LatB) to depolymerize actin or expressed Ankyrin G (AnkG) short hairpin RNA (shRNA) to disrupt the AIS (Figures S1D and S1E) and analyzed the behavior of KIF17-FL-coupled peroxisomes. We observed that disruption of the actin cytoskeleton or the AIS increased cargo motility and allowed axon transport comparable to KIF17-MD ( Figure 3C and Movie S3). These data support the existence of an actin-based barrier at the AIS that regulates the entry of specific vesicles into the axon [9, 23] . Since LatB treatment did not affect KIF5-or dynein-coupled peroxisome motility (Figures 3E and 3F) , the actin cytoskeleton is responsible for the specific KIF17-FL-coupled cargo accumulations in the AIS. Next, we generated several truncated KIF17 constructs and found that the tail region (amino acids 846-1015) was required for anchoring at the AIS ( Figure 3D) . Consistently, the shortest KIF17 construct that anchored at the AIS-KIF17(1-1015)-did not strongly accumulate in axonal tips ( Figure S2 ). Interestingly, rapalog-induced coupling of both truncated KIF5 motors (KIF5-MD-GFP-FRB) and the KIF17-tail region (KIF17(266-1029)-GFP-FRB) to peroxisomes induced cargo stalling in the proximal axon ( Figures 3G  and 3H) . Moreover, the KIF17-tail region also stalls KIF5-MDinduced Rab3-positive vesicles at the AIS, which can be suppressed by actin depolymerization (Figures S3B-S3E) . Furthermore, expression of the KIF17-tail region (as a dominantnegative approach, without coupling to cargo) suppresses KIF17-FL-GFP-induced Rab3 stalling at the AIS ( Figures S3F  and S3G ). These results indicate that the tail region of KIF17 is responsible for AIS anchoring.
One other possibility is that deactivation of KIF17 motor activity by back folding may cause cargo stalling at the AIS. However, our data argue against this option: KIF17-G754E shows strong axonal tip accumulation when overexpressed in neurons but still anchors at the AIS (Figures 3D and S2) . However, local deactivation of KIF17 may still be achieved via additional mechanisms, such as inhibition of microtubule binding or ATP hydrolysis of the kinesin motor via local activation of regulatory protein in the AIS.
KIF17 Vesicles Are Redirected into Dendrites by Cytoplasmic Dynein
Next we examined how KIF17 vesicles transported out of the proximal axon and into the dendrites and tested whether other motors present on the same cargo could redirect KIF17 transport. We first determined whether the retrograde motor dynein via recruitment of dynein adaptor BICD2 drives KIF17-bound vesicles out of the axon toward the soma. We expressed KIF17-FL-GFP-FRB, HA-BICD2N-FRB, and PEX-RFP-FKBP in neurons. Addition of rapalog recruited both KIF17-FL and BICD2N to peroxisomes and increased retrograde movement of peroxisomes in the proximal axon ( Figures 4A-4C ) from 20% in neurons with KIF17-FL alone to 50% in cells with KIF17-FL and BICD2N ( Figure 4G ). We next determined whether dynein also redirects KIF17-bound vesicles into dendrites. Addition of rapalog simultaneously recruited KIF17-FL and BICD2N to peroxisomes and quickly redistributed cargoes from the soma into the dendrites ( Figures 4D-4F and Movie S4 and S5). Under these conditions, all neurons showed dendrite localization of KIF17-FL, whereas in the absence of BICD2N dendrite targeting is rare ( Figure 4H ). These results demonstrate that KIF17 vesicles can be redirected into dendrites by dynein motor activity.
Previous studies have analyzed the movements of KIF17-bound vesicles in neurons and therefore concluded that KIF17 actively transports cargoes into dendrites [3, 4] . Since various motor types (dynein, kinesin, and myosin) can simultaneously bind to cargo, it is challenging to interpret endogenous vesicle motility in neurons. This is particularly true in dendrites, where the microtubule cytoskeleton has opposite polarity orientations [25] . Moreover, motors attached to cargo can exist in active and inactive states and many regulators can influence their local motor activity [26] . By directly probing KIF17-mediated cargo movements, we found that full-length KIF17 does not target dendrites, but rather steers cargo into the axon, where it anchors at the AIS. We also demonstrate that dynein can drive KIF17-bound vesicles out of the axon and redirect them into the dendrites. These data fit well with the basic model for polarized transport in which most kinesins are responsible for transport into axons and dynein motors are responsible for transport into dendrites [1, 2] . Thus, the dendrite-specific localization of KIF17 is not due to active KIF17 transport from the soma to the dendrite, but to decreased axonal entry and the use of dynein activity to target dendrites. What is the role of KIF17 in dendrite-specific cargo trafficking? First of all, in contrast to many other kinesin family members, KIF17 is a unique plus-end-directed motor that prevents cargoes from entering the axon by AIS anchoring. The decreased axonal targeting emphasizes the importance of the actin-rich AIS in preventing ''unwanted'' cargoes from entering the axon and setting up the polarized distribution of somatodendritic proteins. Second, dynein helps to bring KIF17 into dendrites. However, once the more distal dendrites are reached, KIF17 may take over from dynein and deliver cargo toward the more distal dendritic regions. This idea is consistent with the observed motility of KIF17-bound cargoes within dendritic branches [11, 27] . Moreover, our data are in line with previous studies on polarized channel trafficking showing that KIF17 is required for K + channel Kv4.2 transport in dendrites but does not, by itself, specify dendritic localization of the channel [5] . However, additional studies are needed to determine whether the transport kinetics of KIF17-attached peroxisomes can be compared to a bona fide KIF17 cargo. Within dendrites, KIF17 may play a role in the spatial and temporal fine-tuning of receptor and/or channel trafficking to synapses [27] [28] [29] . Together, the data suggest that cooperativity between different motors is an important part of the polarized sorting mechanism. However, it remains an open question how coupling between KIF17 and dynein is regulated. Several studies have shown that interaction between different motor types occurs via adaptor proteins, which act as a ''switch'' between two motors to mediate trafficking [26, 30] . Future research will have to clarify how KIF17 and dynein interact with adaptors and which regulators are involved to achieve targeted trafficking.
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DNA Constructs, shRNA Sequences and Antibodies
The KIF17 expression constructs were generated by a PCR-based strategy using the human KIF17 cDNA (accession number NM_020816; IMAGE clone 
